The optical properties of gold heptamer nanohole arrays have been investigated theoretically and numerically. This structure support pronounced Fano resonances with high transmittance (~50%) and narrow bandwidths (down to 12 nm). The Fano features arise from the interference between light directly transmitted through the holes, and light indirectly scattered through the excitation of localized surface plasmon polaritons (LSPPs), propagating surface plasmon polaritons (SPPs), or/and waves related to Wood's anomaly (WA). The mechanisms behind the generation of these resonances are revealed by observing near-field distributions, altering the structural parameters and applying the Bloch wave model. Furthermore, it is shown that Fano resonances associated with LSPPs exhibit high surface (2 nm/nm) and bulk sensitivities (400 nm/RIU). However, the highest figure of merit (~24 RIU −1 ) occurs for a Fano resonance involving a WA and SPP mode. 
Introduction
Compared to the symmetric Lorentzian lineshape supported in various nanostructures [1] , asymmetric Fano resonances in plasmonic structures have recently attracted intense attention [2, 3] due to their remarkable characteristics such as a narrow asymmetric line-shape, strong electromagnetic field enhancement, light confinement to the nanometer scale, and high spectral sensitivity to changes in the local dielectric environment [1, [4] [5] [6] . In plasmonic structures, Fano resonances originate from the interference between light directly coupled to a bright mode (continuum), and light indirectly coupled to a dark mode (subradiant) excited via near-field interactions with the bright mode [7] . A Fano peak is a consequence of constructive interference between such modes, whereas a Fano dip arises as the two modes interfere destructively such as when the dark mode is out of phase with respect to the continuum. Taking advantage of this principle, different types of plasmonic structures, such as metamaterials [5, 8] , clusters [9, 10] , single and multi-surface nanoparticles [11, 12] and periodic structures [13] [14] [15] [16] [17] have been proposed and studied, seeking Fano resonances in their spectral responses. Structures generating pronounced Fano resonances include assemblies of plasmonic nanoparticles, such as dimers [18] [19] [20] , trimers [21] , quadrumers [22] , pentamers [23] and heptamers [10, [24] [25] [26] , where various parameters such as inter-particle separation and particle size can be tuned, but also symmetry can be broken, to tailor the characteristics of Fano resonances.
Unlike plasmonic nanoparticle assemblies, far less attention has been paid to complementary structures -arrangement of metallic nanoholes -which are also expected to support Fano resonances [5, 27] . We show that arrangements of nanoholes in metal films produce more complex spectral responses because the structure supports many excitations, including localised surface plasmon polaritons (LSPPs) in the vicinity of holes, and propagating surface plasmon polaritons (SPPs) or Wood's anomaly (WA) waves excited on the metal film that also interact with the holes. In comparison with complementary structures, the increased number of modes in metallic nanohole assemblies suggests broadband interrogation to track multiple resonances, resulting in improvement of the detection limit and measurement accuracy. Also, the increased number of resonances, and the ability to independently tune the position of SPP and LSPP resonances (both providing near-field enhancement) is favorable for double-resonance SERS applications, where simultaneous enhancement at both the excitation and Stokes wavelengths is needed [28, 29] .
In addition, compared to complementary structures where interconnections between nanoantennas are required for, e.g., optoelectronic applications, the continuity of the metallic layer in the nanohole arrangements can be useful for producing, e.g., resonant Schottky contacts [30] . Finally, nanohole arrays as biosensors allow for a high degree of multiplexing, parallel optical detection, and the ability to integrate microfluidics [31] [32] [33] [34] . Recently, some research has been focused on plasmonic nanohole clusters, such as individual nanohole quadrumers [35] , and arrays of heptamer-arranged nanoholes [36] , but this area of study remains largely unexplored. The purpose of this paper is to investigate the optical properties of arrays of heptamer-arranged nanoholes (HNH) in detail, offer physical interpretations for the generation of Fano resonances in such arrays, and consider their application to biosensors. Heptamer-arranged nanoholes form a plasmonic oligomer consisting of one nanohole surrounded by six others forming a high packing density arrangement of nanoholes, which produces many hot spot areas between neighboring elements. Also the high spatial symmetry of HNH simplifies polarization alignments and facilities interrogation.
We numerically study arrays of HNH drilled into a thin gold film on a SiO 2 substrate covered by different superstrate media, which renders the structure asymmetric and rich in excitations and spectral features. We also investigate in detail the effects caused by changing the geometrical parameters, including periodicity, metal thickness, inter-hole distance and the radius of the central hole in the heptamer, and we connect the numerical results to an analytical Bloch wave model. The sensitivity of the Fano features to small changes in the refractive index (RI) of the superstrate medium makes the structure a potential candidate for chemical and biological sensors. We thus also examine the device for use as a biosensor by calculating the bulk sensitivity, the Figure of Merit (FoM) and the surface sensitivity. We find that the proposed structure supports pronounced Fano resonances in the near infrared (NIR) range of the optical spectrum. Four types of modes, consisting of LSPPs and propagating symmetric SPP (SPP s ), asymmetric SPP (SPP a ) and WA waves play essential roles in the formation of Fano resonances. The Fano resonances arise from the interference between the light transmitted directly through the holes (continuum) and the light indirectly scattered due the excitation of these four types of modes [37, 38] . Figure 1 shows schematically the structure under study, which is an array of HNH in a thin Au film supported by a SiO 2 substrate and covered by a dielectric medium (several considered). The geometrical parameters including the metal thickness (t), inter-hole gap (G), periodicity of the array (P = P y = P z ), and diameter of the central hole (D c ) are varied, but the diameter of holes on the outer ring (D) remains fixed. Transmittance (T), reflectance (R) and absorptance (A = 1 -R -T) spectra are calculated as the response of the structure, because each might be useful based on the potential applications of the system. For instance, the absorptance is required for SERS and Schottky contact photodetector applications [28, 30] , whereas the transmittance and reflectance are useful for biosensing applications [31] . Throughout the paper, absorptance peaks are used to identify the position of resonances. To compute the spectra and the associated electromagnetic fields, the structure was modeled using a commercial (COMSOL) implementation of the finite element method (FEM), solving the vector wave equations for the E and H field vectors throughout the structure, subject to the applicable boundary conditions, and the applied source fields. The structure was meshed using tetrahedral mesh elements with a resolution between 5 and 12 nm in the gold film, while the mesh size was increased gradually away from the gold film with a maximum mesh element size of 100 nm. Taking advantage of the structural symmetry, only one unit cell incorporating one heptamer arrangement of nanoholes was modelled. To do so, periodic boundary conditions were applied on the lateral walls and absorbing boundary conditions on the front and back walls. The structure was then illuminated by y-and z-polarized electromagnetic waves perpendicularly incident onto the structure from the substrate side. The optical properties of the materials were taken as the wavelength-dependent complex refractive index measured over the range of interest for SiO 2 [39] and Au [40] . Cubic spline interpolation functions were applied to determine the refractive indices at some wavelengths of interest where data were not available. 
Proposed structure and numerical model

Results and discussions
Considering the HNH array as a grating of lattice constant P = P y = P z illuminated by light incident at an angle θ, the light gains additional momentum given by |G y | = |G z | = 2π/P, which can excite propagating SPP modes (Bloch waves) on the metal film following the Bragg coupling condition [41] :
In addition to SPP modes guided by the metal film, the grating effect of the HNH array can launch WA waves, which are associated with light diffracted parallel to the surface of the structure, excited under the following condition [37, 41] :
In the above, k 0 , k SPP ( = k 0 n SPP ) and k WA ( = k 0 n d ) are the wavenumbers of free-space, of the SPP mode (symmetric or asymmetric) excited and guided by the thin metal film, and of WA waves, respectively. nd is the refractive index of the medium in which the WA wave travels, nSPP is the effective mode index of an SPP mode, which is defined as n spp = β/k 0 and β = β′ + iβ″ is the propagation constant of the mode. The integer index pairs (S y , S z ) and (W y , W z ) denote the diffraction order and are included in our nomenclature; for example, SPP a (1,0) and SPP s (1, 1) refer to the asymmetric SPP propagating along the y axis, and the symmetric SPP along the diagonal to the y and z axes, respectively. For the case of normal incidence, Eqs. (1) and (2) can be rewritten as follows, in terms of the SPP wavelengths ( SPP ) and WA wavelengths ( WA ) [42, 43] :
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LSPP Fano resonance
The near-field distribution of |E|, of the Fano resonances at λ 4y = 884nm and λ 5z = 886 nm, shown in Figs. 3 (a4) and 4 (a5), reveals that the corresponding fields are strongly localized to the center of the unit cell, which is a typical feature of a LSPP mode. A dipolar pattern in the HNH structure is seen in the H x field distribution provided in Figs. 3(d4) and 4(d5). Based on the H x distribution, this LSPP mode, which is called LSPP1, arises from anti-bonding hybridization between the central and surrounding ring holes, in which the central hole shows a notable magnetic dipole oscillating out of phase with respect to the dipole of the six surrounding holes, forming an antibonding coupled plasmon mode. A higher order LSPP mode, LSPP 2 , which is excited by a z-polarized incident field, and occurring at λ 3z = 721 nm, shows a strong |E| field localization near to the surrounding holes of the unit cell. Based on the corresponding H x field distribution shown in Fig. 4 (d3), LSPP 2 mode arises from the hybridization between the magnetic multipolar plasmon of the central hole and the magnetic dipolar plasmon of the six surrounding holes.
Propagating SPP Fano resonances
In a thick metal film, two independent single-interface SPP modes can be supported on opposite sides. However in the case of a thin metal film, these two SPP modes are coupled to each other, forming one lower energy symmetric supermode (often termed the sb mode [46] denoted herein as SPP s ) and one higher energy asymmetric supermode (often termed the ab mode, denoted herein as SPP a ). In terms of field distribution, both of them show a maximum |E| at the metal-dielectric interfaces and decay exponentially away. In the case of the symmetric mode, the transverse electric field (E x here) doesn't go through zero inside the metal film so this field component doesn't change in sign from one interface to the other. Conversely, E x for the asymmetric mode goes through zero inside the metal film and changes sign from one interface to the other [47] .
(i) SPP a (1,0) and SPP a (0,1): For the resonances at λ 3y = 780 nm and λ 4z = 785 nm (Fig. 2) , the electric field distributions, plotted in Figs. 3 (a3) and 3(b3), and in Figs. 4(a4) and 4(b4) reveal the characteristics of an asymmetric SPP propagating along the metal film. The corresponding H z field distribution shown in Fig. 3(e3) and H y field distributions in Fig. 4  (e4) show the propagation of the SPP a mode in the y direction for the y polarized incident light, and z direction for the z polarized incident light, respectively. Conclusively, these resonances are termed SPP a (1,0) and SPP a (0,1). Fig. 3 . Near-field distribution of |E| at (a1) λ 1y , (a2) λ 2y , (a3) λ 3y and (a4) λ 4y , and near-field distribution of E x at (b1) λ 1y , (b2) λ 2y , (b3) λ 3y and (b4) λ 4y , along the xy plane passing through the center of a unit cell. Near-field distribution of |E| at (c1) λ 1y , (c2) λ 2y , (c3) λ 3y and (c4) λ 4y , near-field distribution of H x at (d1) λ 1y , (d2) λ 2y , (d3) λ 3y and (d4) λ 4y , and near-field distribution of H z at (e1) λ 1y , (e2) λ 2y , (e3) λ 3y and (e4) λ 4y , along the yz plane at the Au/cover interface. All fields were computed for y-polarized incident light on resonance where λ 1y = 644 nm, λ 2y = 700 nm, λ 3y = 780 nm, and λ 4y = 884 nm (cf. Figure 2) .
(ii) WA-SPP s (1,0) and WA-SPP s (0,1): The narrowest resonances occur at λ 2y = 700 nm and λ 2z = 699 nm and are due to the coupling of a WA wave on one side of the metal film with the SPP s mode [48] . The electric field distributions, plotted in Figs. 3 (b2) and 4(b2) , reveal the excitation of the symmetric SPP mode, and also the excitation of WA waves in the SiO 2 as an extended plane wave propagating parallel to the metal film [49] . The corresponding field distributions of H z , shown in Fig. 3(e2) and H y shown in Fig. 4(e2) , show the propagation of the WA-SPP s mode in the y direction for the y polarized incident light, and z direction for the z polarized incident light, respectively. Conclusively, these resonances are labelled WA-SPP s (1,0) and WA-SPP s (0,1).
(iii) SPP a (1,1): The shortest wavelength resonances observed, at λ 1y = 644 nm and λ 2z = 642 nm, are due to the excitation of the asymmetric SPP mode along the (1,1) direction. The electric field distributions, plotted in Figs. 3 (a1) and 3(b1) , and in Figs. 4(a1) and 4(b1), reveal the excitation of this mode. Furthermore, the corresponding H z shown in Fig. 3 (e1) and H y shown in Fig. 4 (e1) exhibit a diagonal standing wave pattern due to the propagation of the SPP a (1,1), corresponding to a second order diffraction.
The near-field distribution of |E| on the yz plane at the cover/Au interface is shown in row c of Figs. 3 and 4 , showing the electric field enhancement and hot spots that are useful for SERS applications. The highest field enchantment (up to 29) is localized near the central hole of the HNH and observed for the LSPR mode (Figs. 3(c4) and 4(c5) ). Fig. 4 . Near field distribution of |E| at (a1) λ 1z , (a2) λ 2z , (a3) λ 3z , (a4) λ 4z and (a5) λ 5z , and near field distribution of E x at (b1) λ 1z , (b2) λ 2z , (b3) λ 3z , (b4) λ 4z and (b5) λ 5z , along the xz plane passing through the center of a unit cell. Near-field distribution of |E| at (c1) λ 1z , (c2) λ 2z , (c3) λ 3z , (c4) λ 4z and (c5) λ 5z , near-field distribution of H x at (d1) λ 1z , (d2) λ 2z , (d3) λ 3z , (d4) λ 4z and (d5) λ 5z , and near-field distribution of H y at (e1) λ 1z , (e2) λ 2z , (e3) λ 3z , (e4) λ 4z and (e5) λ 5z along the yz plane at the Au/cover interface. All fields were computed for z-polarized incident light on resonance where λ 1z = 642 nm, λ 2z = 698 nm, λ 3z = 721 nm, λ 4z = 785 nm, and λ 5z = 886 nm (cf. Fig. 2 ).
According to the electric and magnetic near-field distributions in Fig. 3-Fig. 4 , the Fano resonances can be categorized as resonances related to the excitation of LSPPs -fields are strongly localized about the heptamer, SPPa -fields propagate along the metal-dielectric interfaces (E x is asymmetric), and WA-SPPs -fields also propagate, revealing the excitation of the SPPs and WA on opposite sides of metal film, along with coupling of these waves (E x is symmetric).
Geometrical and dielectric parameters
Geometrical parameters
Changing the geometrical parameters of the system and observing the evolution of the Fano resonances provides further insight into their nature and formation. Here, for simplicity, we consider only the case of y-polarized incident light. The dependences of the spectra on the periodicity (440 < P < 520 nm), the central hole's diameter (40 < Dc < 100 nm), the inter-hole separation (10 < G < 30 nm) and the thickness of the metal film (30 < t < 60 nm) are plotted in Figs. 5(a)-5(d), respectively. In Fig. 5 , the Fano resonances associated with the LSPP1, and the propagating SPPa(1,0) and WA-SPPs(1,0) modes are indicated by yellow, black and red dashed lines on the absorptance spectra, respectively. The SPP-related Fano resonances are not only sensitive to the array periodicity P, but also to the metal thickness t and the full size of the aperture (which depends on Dc and G in our case) presented by the holes [47, 50] . The LSPPs-Fano resonance depends primarily on the HNH parameters.
(i) SPP a (1,0): The resonance red-shifts with increasing pitch P, as anticipated by Eq. (3), and observed in Fig. 5(a) . Increasing t decreases the effective index (n spp ) of the SPP a mode, which based on Eq. (3) causes the associated Fano resonance to blue-shift, as observed in Fig.  5(d) . However, as shown in Fig. 5(b) , changing D c has little effect on the position of this resonance -the blue shift for the specific case of D c = 80 nm is due to the merging and strong coupling with the LSPP 1 Fano resonance, resulting in a repulsive behavior between these two resonances [51, 52] . Conversely, increasing G from 10 to 30 nm results in increasing the full size of the aperture from 320 to 360 nm, leading to a blue-shift in the resonance [53, 54] .
(ii) WA-SPP s (1,0): This Fano resonance involves the SPP s coupled to a WA wave. The constituent WA wave is mainly influenced by the periodicity P, following Eq. (4), but the constituent SPP s mode is influenced by the same factors as the SPP a mode (the periodicity P following Eq. (3), the film thickness t and the full size of the aperture). The resonance redshifts with increasing pitch P, as anticipated by Eqs. (3) and (4), as observed in Fig. 5(a) . Increasing t from 30 to 60 nm (range of t over which the WA-SPP can exist) [48] , increases the effective index (n spp ) of the constituent SPP s mode, which based on Eq. (3), causes the associated Fano resonance to red-shift, as observed in Fig. 5(d) (opposite direction to the SPP a (1,0) resonance). Changing D c has little effect on the resonance, as observed in Fig. 5(b) , whereas increasing G increases the full size of the aperture, leading to a blue-shift in the resonance as observed in Fig. 5(c) . The shift is in the same direction as the SSP a (1,0) mode but is weaker due to the lower confinement of the SPP s mode to the metal film.
(iii) LSPP 1 : The Fano resonance associated with the LSPP 1 is dependant primarily on the size of the holes D c and the separation between holes G, but not much on the periodicity P as observed in Fig. 5 . Unlike the SPP a and WA-SPP s Fano resonances, the LSPP 1 resonance arises from the anti-bonding hybridization between the central and surrounding holes, so it is affected strongly by the geometry of these features but not much by the pitch as observed in Fig. 5(a) . This resonance exhibits a significant red shift of ~200 nm by increasing D c from 40 to 100 nm. Meanwhile, increasing G shifts the resonance towards the blue, as observed in Fig.  5(c) . The LSPP 1 is also sensitive to the metal thickness as changing the latter from t = 30 to 60 nm causes a blue-shift.
In summary, we observe the evolution of the Fano resonances with changes in the structural parameters of the system in Fig. 5 , which helps elucidate their character. As predicted by Eqs. (3) and (4), this figure illustrates that the WA-SPP and SPP-related Fano resonances are sensitive to the array periodicity P, however, the LSPP-related Fano resonances are not. In addition, as expected, the LSPP Fano resonance is affected strongly by the central hole's diameter, whereas changing this parameter doesn't affect the other resonances. As seen in Fig. 5(d) , increasing the metal thickness decreases and increases the effective index of the SPP a and SPP s mode, respectively, producing a blue-shift in the resonance associated with the former and a red-shift for the latter. 
Dielectric parameters
The dependence of the Fano resonances on the refractive index of the cover medium n s is plotted in Fig. 6 (a) . This figure shows the optical responses of an array of HNH with the geometrical parameters D = D c = 100 nm, G = 10 nm, t = 60 nm, and P = 480 nm, sandwiched between SiO 2 as the substrate and a medium of 1.33 < n s < 1.49 as the cover. As observed in the transmittance spectra shown in Fig. 6 (b) , all resonances are sensitive to n s and they all shift to longer wavelengths as n s increases. In this figure, the resonances are identified as SPP a (1,1), SPP s (1,0), WA-SPP s (1,0), SPP a (1,0) and LSPP 1 . The narrowest resonance, WA-SPP s (1,0) (tracked by red arrows), experiences a rapid rise and narrowing with decreasing n s . This rapid change is the direct result of a more effective coupling between the WA(1,0) in SiO 2 and the SPP s (1,0) localized along the Au/cover interface. According to Eq. (4), the first diffraction order of the WA wave in SiO 2 , WA(1,0), occurs at = 697 nm. By increasing n s , the spectral position of the SPP s (1,0) mode moves away from WA(1,0), so the coupling between these two waves decreases, which results in increased damping of this resonance for n s > 1.41. For higher n s , the coupled WA-SPP s (1,0) excitation no longer exists, so the SPP s (1,0) mode becomes independent (tracked by pink arrows).
Bloch wave model
More insight on the generation of the Fano resonances can be gained by using Eqs. (1)- (4), along with modal results, to anticipate the spectral position of the resonances associated with propagating SPP modes. As mentioned earlier, a thin metal film supports two bound coupled modes termed the symmetric SPP (SPP s ) and asymmetric SPP (SPP a ). In Fig. 7 (a) , the effective index of SPP a (dash-dot lines) and SPP s (dash lines) modes are plotted as a function of wavelength for a gold film 60 nm thick, while n s increases from 1.33 to 1.49. Inserting the calculated effective indices in Eqs. (1) and (3), with P = 480 nm, the grating dispersion relation for the SPP a (dash-dot blue) and SPP s (dash blue) modes are plotted in Fig. 7(b) for the specific case of n s = 1.41. At normal incidence (k = 0), the dispersion curves anticipate the excitation of the SPP s mode at = 698 nm and of the SPP a mode at = 745 nm. This is in reasonably good agreement with the results of Fig. 6 , where these resonances occur at = 725 nm and = 800 nm, respectively, ~25 and ~50 nm away from what the dispersion curve anticipates -the origin of the discrepancies is that the HNH array is not a weak perturbation for which Eqs. (1) and (3) hold. 
Sensing performance
As shown in Fig. 6 , the Fano resonances of the HNH array are very sensitive to n s which suggests application of the structure to refractive index sensing, particularly biochemical sensing. To characterize the sensing performance of a structure, the refractive index sensitivity (bulk sensitivity -BS), figure of merit (FoM) and surface sensitivity (SS) were calculated. The bulk sensitivity is defined as the shift in a resonant wavelength relative to the change in the refractive index of the cover medium and the FoM is defined as the bulk sensitivity divided by the spectral linewidth. Following conventions in previous work [11, 16, 22, 55] , the spectral linewidth for an asymmetric resonance like a Fano resonance is taken as the wavelength difference between the Fano dip and the adjacent peak. The surface sensitivity is defined as the shift in λ res relative to the change in the adlayer thickness (a), for an adlayer growing at the Au/cover interface. In the following, these sensitivities were calculated for an HNH array having D = D c = 100 nm, G = 10 nm, t = 60 nm, P = 480 nm, assuming SiO 2 as the substrate and a cover medium of refractive index n s = 1.33 (e.g., H 2 O). Results were obtained for both y-and z-polarized incident light. Compared to studies on arrays of individual nanoholes of similar geometry as our HNH, the HNH array provides improved bulk sensitivity and FoM values [48, 56, 57] , and a higher transmittance (~50%) [40, 48, 58, 59] , resulting in higher intensity signals at the detector, improvement of signal to noise ratio, and limit of detection. [12] , which corresponds to nearly the same performance as our HNH structures. For arrays of Ag heptamer nano-spheres with G = 5 nm and D = D c = 100 nm on SiO 2 , the LSPP 1 Fano resonance produces a bulk sensitivity of 514 nm/RIU and FoM of 10.6 RIU −1 [4] , which are higher than our values for the HNH structure. The better bulk sensitivity is due to an inter-particle distance that is smaller than in our HNH and to the sensing medium being air rather than water. Also their spheres are made of Ag which has better optical parameters than Au (the former is reactive). Figure 8 (c) reveals how the Fano resonances red-shift with small changes in the adlayer thickness a (Δa = 7nm) for the case of y-polarized incident light. In a biosensing experiment the metal surface in contact with an aqueous sensing solution (cover) would be functionalized chemically to react selectively with a target analyte. As analyte binds, an adlayer of refractive index greater than the sensing solution forms, which shifts the resonance wavelengths. Here, the adlayer formation is modeled as a uniform dielectric layer of refractive index n ad = 1.5 (which is typical of biochemical matter), growing from a thickness of a = 0 to 14 nm (in steps of 7 nm, due to discretization constraints), representing the accumulation of biomaterial on the gold surface, as sketched in the inset of Fig. 8 (d 
Bulk sensitivity
Surface sensitivity
Conclusions
In conclusion, we have studied theoretically and numerically the optical properties of arrays of heptamer arranged nanoholes in detail. The optical responses are influenced by various phenomena, such as LSPP excitations, diffractive effects, the excitation of propagating SPP modes on the metal film and of WA waves in either media, resulting in the formation of several pronounced Fano resonances, producing high transmittance (~50%) over the wavelength range investigated (630 to 1000 nm). To understand the physical mechanism behind the generation of each Fano resonance, electromagnetic near-field distributions were computed and presented, along with the effects of varying the geometrical parameters, such as the periodicity, metal thickness, inter-hole distance and diameter of the central hole. In addition, the grating dispersion equation was combined with modal computations of the symmetric and asymmetric SPP modes supported by the metal film (SPP s , SPP a ) to further elucidate the origin of the resonances. We examined the structure for use as a biosensor by calculating the bulk and surfaces sensitivities, and FoM. The highest bulk (400 nm/RIU) and surface (2 nm/nm) sensitivities are produced by LSPP Fano resonances, whereas the highest FoM (24.5 RIU −1 ) is obtained for the WA-SPP s Fano resonance. Compared to the single nanohole arrays, this structure provides us with and improved bulk sensitivity, FoM values [48, 56, 57] , and a higher transmittance (~50%) [40, 48, 58, 59] , while compared to its complementary structure, it shows a comparable sensitivity and FoM values [4] . However the spectrum of the HNH array is rich in features, which allows for a broadband interrogation and then improvement of the detection limit and measurement accuracy. 
